A method was developed in which E. coli cells were irradiated with four MeV electrons and transferred to alkaline detergent within a fraction of a second. This technique minimizes the amount of repair of radiation damage before analysis without the necessity of using physical or chemical treatments to inhibit repair and alter the physiological condition of the cells. The yield of DNA strand breaks formed in covalent circular superhelical X DNA molecules superinfecting E. coli lysogens was about 4-fold greater when the cells were irradiated in oxygen than when they were irradiated under nitrogen anoxia. The same yields were obtained in phosphate buffer at 30 and 220 as well as in growth medium at 370, and the yields were not altered by the polAl mutation. When E. coli lysogenic cells superinfected with X were irradiated with doses sufficient to introduce at least seven breaks in the phage DNA, the chromosomal DNA and the superinfecting phage DNA sedimented similarly in alkaline sucrose gradients, indicating that both DNAs were broken to a similar extent during irradiation. However, the yield of breaks calculated for chromosomal DNA in similar experiments was greater than the yield calculated from the first break introduced into covalent circular X DNA molecules. These apparently contradictory results are explicable either if the initial break in a superhelical molecule occurs with an efficiency different from that for subsequent breaks, or if the pulsed electron radiation produces a high proportion of double-strand breaks.
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observed change in the number of strand breaks may be due to alterations in the radiation chemistry rather than to a changed capacity for repair.
A different approach which does not involve alteration of the physiological condition of the cells is to complete irradiation and cell lysis within a time period sufficiently short to minimize repair. In this paper, we present results of experiments in which irradiation and lysis are carried out within a fraction of a second.
MATERIALS AND METHODS
Determination of Strand Breaks with the Superinfecting X System. The advantages of the superinfecting X system for measuring radiation-induced strand breaks have been summarized elsewhere (5) . In short, the introduction of a single break in superinfecting covalently closed circular (CCC) duplex X DNA molecules reduces the sedimentation coefficient 3-to 4-fold (Fig. 1) . Because the molecular weight of X DNA is accurately known (6) , the yield of DNA strand breaks can be directly calculated from the dose at which 37% (1/e) of the original molecules remain intact. Since alkaline sucrose gradients are used for all analyses, strand breaks include breaks Breaks in the phosphodiester chain of DNA are common changes as a result of exposing bacterial cells to ionizing irradiation. (For recent reviews, see refs. 1 and 2.) Under normal conditions, more breaks are found when cells are irradiated in the presence of oxygen than when irradiated under anoxia. When anoxic cells are irradiated in the presence of EDTA, the number of breaks increases to that observed in oxygenated cells (3) . An increase of strand breaks in anoxic cells was also found in bacteria subjected to heat treatment, osmotic cold shock, and chemical treatment (4). Town et al. (4) assumed that these treatments inhibited strand joining and concluded that the difference in radiation-induced strand breaks observed in oxygenated and anoxic cells is not due to a difference in the initial number of radiochemical strand breaks, but due to a rapid repair mechanism (Type I repair) that preferentially rejoins breaks produced under anoxia. However, their attempts to inhibit this assumed rapid repair involve physical or chemical treatments which can be expected to strains were lysogenized with phage Xind-so as to be used as host cells for superinfecting phage Xc26. High titer stocks of the clear plaque mutant Xc26, radioactively labeled in the DNA, were propagated on the thymine-requiring strain AB2500.
Preparation of 'H-and 82P-Labeled Phage X. The procedure for [8H]thymidine labeling and purification of phage Xc26 have been described previously (5) . 82p labeling of the phage particles required certain modifications in this procedure: cells of strain AB2500 were washed and suspended in low phosphate medium prior to infection with Xc26, and 0.3 ml containing 1-2 mCi of carrier-free 82p at specific activity 70 Ci/ml of phosphate was added. After removal of cell debris, the phage suspension was concentrated by centrifugation and incubated for 30 min at 380 with bovine pancreatic DNase I (Calbiochem, Grade B) (EC 3.1.4.5) at 40 ,ug/ml. A typical final yield was 2 to 3 X 1011 particles per ml with a relative activity of 82p of 1 to 2 X 10-6 cpm/plaque-forming unit.
Other Methods. To label chromosomal DNA with [8H]thymidine, the bacteria were grown in 10 ml of K-maltose medium to 5 X 107 cells per ml and were then supplemented with 0.1 mCi of [aH]thymidine of high specific activity (14-23 Ci/ mmol) for several generations. The cells were washed twice by centrifugation, resuspended in K-maltose medium supplemented with 10 ug/ml of nonradioactive thymidine, and incubated for 30 min.
Irradiation with 4 MeV Electrons. Superinfected lysogens
were suspended in 0.4 ml of phosphate buffer in 1-ml syringes for irradiation (Fig. 2) . The cell suspension was bubbled with oxygen or with high purity nitrogen (<1 ppm 02). To obtain anoxic conditions, the cell suspension was bubbled with N2 for 30 min prior to, and during, irradiation. The cell suspension was kept at room temperature (20°-22°), or in certain experiments, at 30 or 37°. The suspension was exposed to a pulsetrain of 4 MeV electrons from a linear accelerator, and the last pulse triggered a magnet which forced a lever to push the syringe plunger. The content of the syringe was injected into an equal volume of alkaline detergent (1% Sarkosyl NL 97, 10 mM EDTA, 0.3 M NaOH) within 45 msec (Fig. 3) (11) have demonstrated a role of DNA polymerase I in the repair of x-ray-induced strand breaks, we have measured strand breaks in the polAl strain. To facilitate comparison of data for Pol+ and Pol-cells, Pol+ cells superinfected with "P-labeled X were mixed with polAl cells superinfected with 'H-labeled X. Aliquots of the mixed cell suspension were irradiated and analyzed as described above. As seen from the data in Fig. 5 , when this mixture was irradiated, the yields of strand breaks in anoxic polAl+ and polAl-cells were identical. In the presence of oxygen, the yields of strand breaks increased 4-fold and were the same in polAl+ and polAlcells. Under our conditions, the polAl mutation has no effect on the yield of strand breaks in CCC X DNA.
Yield of Breaks in Chromosomal DNA. Although it is much easier to quantitate strand breaks in superinfecting X DNA than in chromosomal DNA, it is desirable to determine whether breaks in chromosomal DNA occur at the same frequency as they do in X DNA. We have approached this problem in two ways. In the first approach, cells labeled in their DNA with [3H]thymidine were superinfected with "2P-labeled X. The complexes were then exposed to doses of 4 MeV electrons large enough to produce an average of 7 to 45 breaks in each superinfecting X DNA molecule in order to reduce the molecular weight to a random distribution. After the cells were In 
DISCUSSION
We have attempted to minimize repair between irradiation and analysis by developing a method in which the cells were irradiated and transferred to alkaline detergent within less than 100 msec. Under these conditions, a 4-fold higher yield of strand breaks was found when the cells were irradiated in the presence of oxygen than when irradiated under nitrogen anoxia. These yields were largely independent of whether the cells were irradiated in buffer at ice temperature or in growth medium at 37°. If the oxygen effect observed in these experi- ments is due to preferential repair of breaks formed under anoxia (Type I repair) as suggested by Town et al. (4) , the repair process must have gone to completion within less than 100 msec in buffer at ice temperature.
From recent experiments of Modrich and Lehman (13), some conclusions can be reached about the probable extent of strand joining under the conditions used in this paper. They estimated that the maximum number of single-strand breaks in an E. coli cell at 300 that could be rejoined in 100 msec is about 13. At 100, the activity of E. coli DNA ligase is only 0.28 of that at 300 (14) , and is presumably even less when the temperature is below 100. Thus, at a temperature of 30 the maximum estimated strand-joining events would be less than three per cell in 100 msec. This can be compared with the number of strand breaks present in a cell after exposure to 4 MeV electrons. Under our growth conditions, there are about two to three bacterial chromosomes per cell, and since the size of X DNA is about 1% of the bacterial chromosome, it follows that after a dose sufficient to introduce an average of one break per X DNA molecule, there will be about 200 strand breaks per cell. Thus, if rapid strand joining is to account for the 4-fold oxygen effect observed in our experiments, the strand-joining capacity must be at least two orders of magnitude greater than that estimated by Modrich and Lehman (13) . In separate experiments, the time needed for joining X DNA molecules broken by pulsed electron radiation was measured. Under growth conditions, no strand joining was observed during the first 3 sec of incubation. In the presence of oxygen, most strand breaks were rejoined during 40 see of incubation while the rejoining is even slower in nitrogen anoxia (15) .
Since we have found no experimental evidence for the existence of a very rapid strand break repair mechanism in anoxic cells, we do not believe that the explanation of the oxygen effect on observed strand breaks involves repair. We think it more likely that the experiments demonstrating changes in the oxygen effect by chemical and physical treatment of cells before irradiation may reflect changes in the concentration of sulfhydryl compounds in the cell. Thus, we think the explanation lies in the role of such compounds as hydrogen donors, since this is a well-documented mechanism for radiobiological protection (16) . In experiments, as usually performed, the removal of these compounds results in increased numbers of breaks (17) . Thus, we favor the interpretation that the physical and chemical treatments of cells alter the radiation chemistry rather than the repair capacity.
In separate experiments, we observed that only 0.5 1M oxygen is sufficient to increase strand breakage to half the maximum level, while a concentration of 8 uM is needed for a similar sensitization to cell killing (17) . Because of this difference in the molar effectiveness of oxygen on strand breakage and cell killing, low concentrations of oxygen may sensitize DNA strand breakage considerably while having little or no effect on cell killing. Furthermore, in cells whose levels of sulfhydryls have been reduced by pretreatment with N-ethylmaleimide or with heat, sensitization of strand breakage by oxygen is achieved at concentrations less than 0.05 iAM (Johansen, unpublished data) . Consequently, we found it necessary to replace all plastic and rubber tubing with stainless steel in order to achieve the required degree of hypoxia.
Since most of our measurements were on superinfecting X DNA, it is desirable to know whether these results are applicable to chromosomal DNA. As shown in Fig. 6 , exposure to 4 MeV electrons produces the same number of strand breaks (20) A. Calculated from the molecular weight determined at the first moment of sedimentation distribution in alkaline sucrose.
B. Calculated from the number average molecular weight determined as described in the text from the dose needed to degrade chromosomal DNA so that the peak of the sedimentation profile coincides with the position of marker X DNA.
C. Determined from the dose needed to produce the first break in covalently closed circular phage X DNA by sedimentation in alkaline sucrose.
in X DNA and chromosomal DNA when they are irradiated in the same cells. However, the yield of strand breaks in chromosomal DNA calculated from the data in Fig. 7 is 1 .7 times greater than that obtained for the breaking of CCC X DNA in Fig. 4 . One possible explanation is that the first break in the covalent circular X DNA is made with a different efficiency than subsequent breaks. Although single-strand-like regions have been observed in isolated superhelical CCC DNA molecules (18) , the intracellular secondary structure of these molecules is unknown, so the effect on radiosensitivity of strand breakage can not be predicted.
Possible discrepancies in the calculated yield of strand breaks might also be due to differences between the methods employed and in assessing the contribution of double-strand breaks. In the conversion of fast sedimenting CCC DNA to the slow sedimenting component, the first break, whether double-stranded or single-stranded, is scored as only one break. However, when the molecular weight is calculated from the sedimentation distribution of DNA molecules such as in Figs. 6 and 7, a double-strand break scores as two breaks while a single-strand break scores as one break. Thus, the differences in the yields for X and chromosomal DNA calculated from Figs. 4 and 7 could be explained if the pulsed electron radiation produces a high proportion of double-strand breaks.
For comparison, Table 1 includes recent data on DNA strand breakage obtained in several laboratories under conditions where repair of strand breaks before analysis was minimized. The yields obtained by measuring the first break in CCC DNA were largely independent of the type of radiation used. In contrast, the yield of breaks in chromosomal DNA depends both on the type of radiation and the method of data analysis. 
